Introduction: Cardiovascular disease (CVD) is common in chronic obstructive pulmonary disease (COPD) and is, as productive cough, related to poorer prognosis in COPD. Central arterial stiffness is a marker of early atherosclerosis, but the association between COPD, productive cough, and arterial stiffness as a possible indicator of CVD is unclear. Objectives: To compare both arterial stiffness among subjects with and without COPD and the impact of productive cough in a population-based cohort. Methods: A population-based cohort, including 993 COPD and 993 non-COPD subjects, has been invited to annual examination since 2005. In 2010, 947 subjects, of which 416 had COPD (according to the GOLD spirometric criteria), participated in examinations including structured interview, spirometry, and measurements of central arterial stiffness as pulse wave velocity (PWV). Results: PWV was higher in GOLD 3Á4 compared to non-COPD (10.52 vs. 9.13 m/s, p 00.042). CVD and age ]60 were both associated with significantly higher PWV in COPD as well as in non-COPD. In COPD, those with productive cough had higher PWV than those without, significantly so in GOLD 1 (9.59 vs. 8.92 m/s, p 00.024). In a multivariate model, GOLD 3Á4 but not productive cough was associated with higher PWV, when adjusted for sex, age group, smoking habits, blood pressure, CVD, and pulse rate. Conclusions: GOLD 3Á4, age]60, and CVD were associated with increased arterial stiffness, and also increased in COPD subjects with productive cough compared to those without. Of importance, GOLD 3Á4 but not productive cough remained associated with increased central arterial stiffness when adjusted for confounders.
C hronic obstructive pulmonary disease (COPD) is expected to be the fourth greatest burden of disease globally by the year 2030 (1) . The prevalence is estimated at about 10% (2Á5) and is highly dependent on age and smoking habits; up to 50% of elderly smokers fulfill the spirometric criteria for COPD (2) . In the population, a majority of those with COPD have mild to moderate disease, whereas severe to very severe disease is limited to a few percent (3) . It is known that COPD is largely under-diagnosed; only approximately 30% of all subjects with COPD are identified, and the underdiagnosis is related to disease severity (3Á5).
Subjects with COPD have an increased risk for Cardiovascular disease (CVD) (6) , and CVDs are the most common co-morbid conditions in COPD (7, 8) . Today, COPD is considered a heterogeneous syndrome with systemic effects, and the bronchitis, i.e. productive cough, in COPD is associated with increased airway inflammation, more exacerbations, and worse prognosis (9) . COPD with bronchitis is probably also related to a higher prevalence of CVD than COPD without bronchitis (7) . Concomitant CVD among subjects with COPD is associated with an increased mortality (10Á12); however, the under-diagnosis of COPD contributes to a lack of knowledge, and probably an underestimation of the actual co-morbidity and mortality amongst individuals with COPD (12) . Hence, identification of early signs of concomitant CVD in patients with COPD could contribute to improved preventive actions and better prognosis.
Central arterial stiffness has been considered a marker of early atherosclerosis (13) . Increased central arterial stiffness is an independent predictor of cardiovascular mortality in healthy volunteers and patient groups alike, contributing to increased myocardial ischemia, an increased risk of stroke, and atherosclerotic plaque rupture, as a result of changes in pulse pressure (14) . Small observational studies have demonstrated increased central arterial stiffness in patients with obstructive lung function (15) and that individuals with moderate to very severe COPD have increased arterial stiffness compared to controls without COPD (16) . Further, increased arterial stiffness seems to be related to airway inflammation during COPD exacerbations (17) . In a recently published review, measurements of arterial stiffness are suggested to be implemented in routine care for patients with COPD, whereas increased central arterial stiffness has the potential to be a useful marker of early CVD in COPD (18) . However, besides a Danish population-based study (19) , population level data regarding the association between arterial stiffness and COPD is limited. In the Danish study, there was a weak positive association between arterial stiffness and COPD among men under the age of 60 years when subjects with mild COPD were excluded (19) .
The aim of this study was to use cross-sectional data from a population-based cohort for comparison of central arterial stiffness measurements in subjects with and without COPD and also in relation to COPD disease severity. A secondary aim was to evaluate whether productive cough was associated with increased central arterial stiffness.
Methods

Study population
All subjects with COPD were identified from four population-based adult cohorts from the OLIN (Obstructive Lung Disease in Northern Sweden) studies, together with age-and gender-matched subjects without obstructive lung function impairment. Since 2005, the study population (n01,986) has been invited to annual examinations with a basic program including spirometry and a structured interview (20) . The current study is based on data collected in 2010 when measurement of central arterial stiffness was added to the basic program. The Regional Ethics Committee at Umeå University, Sweden, approved the study.
As of December 31, 2009 , 283 out of the original 1,986 subjects had deceased, leaving 1,703 subjects available for examination in 2010. In total, 1,324 subjects participated (78% of those alive), whereof 311 individuals who were not able to attend the examinations were interviewed by telephone. In total, 947 subjects participated in measurements of central arterial stiffness (Fig. 1) . Fig. 1 . Flowchart of the recruitment of the study population. 1 Not willing to participate. 2 Not able to attend the examination. 3 In 17 cases, spirometry data was missing and collected from the previous year.
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Structured interview
The questions regarding respiratory symptoms were developed from the British Medical Research Council questionnaire and have been validated in several studies (21, 22) . In addition, self-reported data on smoking habits, respiratory diseases, and non-respiratory diseases were collected. The 'heart disease' variable included angina pectoris, previous coronary artery bypass surgery, previous percutaneous coronary intervention, myocardial infarction, and heart failure. CVD was defined as any heart disease, stroke, intermittent claudication, or hypertension. 'Productive cough' was defined as cough with phlegm on most days during a period of at least 3 months during the preceding 12 months. (25) .
Classification of COPD
Central arterial stiffness
Carotid-femoral pulse wave velocity (PWV) is considered to be the 'gold standard' for estimating arterial stiffness (18) . In this study, central arterial stiffness was measured as PWV using the non-invasive Vicorder † system (Skidmore Medical Ltd., UK), which detects the pressure wave simultaneously at the carotid and femoral arteries using inflatable cuffs. The pulse transit time between these sites is calculated by identifying the arrival of the foot of the pulse wave using a proprietary intersecting tangents algorithm and comparing it to the R-wave on the electrocardiogram. The anatomical distance between the sites divided by pulse transit time is then used to generate the PWV. PWV was measured after resting for 20 min and recorded three times within 5Á10 min. At least two recordings within a 0.5 m/s range were necessary for the recordings to be considered reproducible; otherwise recordings were repeated up to a total of five recordings. The median PWV was estimated for each individual.
Blood pressure was measured manually in the left arm with the subjects in supine position, after 20 min of rest, prior to measurement of PWV.
Statistical analyses
Statistical analyses were performed using Statistical Package for the Social Sciences (SPSS, Software Version 18). A p-value of B0.05 was considered statistically significant.
Mean PWV values were based on median values for each subject. The median of individual levels was used to eliminate the influence of extreme values. PWV data were explored by evaluating histograms and were considered normally distributed. Descriptive statistics was used and comparisons between groups were performed by chi-2-test, independent sample t-test, and ANOVA for comparing means; Bonferroni correction was used for multiple testing. Median PWV was analyzed in relation to COPD disease severity according to GOLD in a linear regression model, including the independent variables gender, age-group ( B60 or ]60 years), and smoking habits. In Models AÁC, blood pressure (systolic, diastolic, and both, respectively) was added, and in Model D systolic blood pressure and the CVD variable were added. Productive cough and pulse rate were also added to each of the models.
Results
Study population
In total, 416 subjects with COPD and 531 without COPD were included. There was no significant difference in the prevalence of co-morbidities when comparing subjects with and without COPD. All respiratory symptoms, including productive cough, were more common in COPD subjects compared to non-COPD subjects (Table 1) .
In the non-COPD group, those with productive cough had significantly higher prevalence of CVD compared to those without productive cough (50.4% vs. 75.6%, pB0.001), whereas there was no such difference among subjects with COPD (54.3% vs. 54.1%, p00.972). Among all subjects with productive cough, non-COPD subjects had a significantly higher prevalence of CVD compared to COPD subjects (75.6% vs. 54.1%, p00.003).
Baseline data from 2002 to 2004 was compared between those who died before December 31, 2009 (n0283) , and subjects participating in the 2010 examination. The deceased subjects were older, more often men, and had a higher prevalence of COPD, productive cough, and heart disease ( Table 2) .
Central arterial stiffness and COPD PWV was increased in subjects with GOLD 3Á4 as compared to subjects with GOLD 1, GOLD 2, and significantly so when compared to non-COPD subjects (10.52 vs. 9.13, p00.042) ( Table 3) . Univariate analyses identified increased PWV to be significantly associated with factors such as age ]60 and CVD, whereas there were no statistical significant sex differences. In both COPD, all GOLD stages, and non-COPD, smokers had the lowest mean PWV, significantly lower than non-smokers among non-COPD-subjects (Table 3) . Among COPD subjects, PWV was higher in those with productive cough compared to those without productive cough (9.44 vs. 9.00, p00.052), and the difference reached statistical significance in GOLD 1 (9.59 vs. 8.92, p00.024) ( Table 3) .
Multivariate analysis
The distribution of PWV was reasonably normally distributed, and the association between PWV and GOLD stages was analyzed by linear regression analyses (Table 4 ), in a model including blood pressure and CVD in different combinations (Models AÁD). GOLD 3Á4 remained consistently significantly associated with higher PWV throughout all models. Age ]60 years was associated with higher PWV, while current smoking was associated with lower PWV in all models. Both systolic and diastolic blood pressure were significantly associated with increasing PWV when separately added (Models A and B), but only systolic pressure remained significantly associated with PWV when simultaneously added (Model C). CVD and systolic blood pressure were both significantly associated with higher PWV when included simultaneously (Model D) ( Table 4) . Productive cough was not associated with PWV when included in the models, and the presence of productive cough did not have any impact on the observed significant associations. There was no significant interaction between smoking status and age group. Replacing the variable smoking status with pack-years in the models did not significantly alter the findings. Adjusting for pulse rate also did not significantly alter the findings in Models A-D, and pulse rate was significantly associated with higher PWV in all models. All correlations between the independent variables were B0.5 and the F-test remained significant for all models. No obvious signs of multicollinearity were detected. There were some tendencies to heteroscedasticity in Models B-D after the inclusion of pulse rate into the models.
Discussion
In this population-based study, subjects with severe and very severe COPD, GOLD 3Á4, had significantly increased central arterial stiffness when compared with non-COPD subjects. In all subjects, independent of COPD, both higher age and reported CVD were significantly associated with increased PWV. Subjects with COPD and productive cough had higher PWV than COPD subjects without productive cough. However, GOLD 3Á4 but no productive cough remained significantly associated with increased central arterial stiffness, when adjusted for confounders such as sex, age, smoking habits, measured blood pressure, pulse and reported CVD.
Our data support the findings of previously reported observational data generated from selected COPD populations. In a study of around 100 subjects with predominantly severe and very severe COPD and a similar size group of healthy controls, central arterial stiffness increased with age and was increased in COPD subjects compared to non-COPD subjects (16) . In another study including nearly twice as many subjects with COPD (mean FEV 1 50% of predicted), arterial stiffness increased by age and was higher in men compared to women (26) . Increased arterial stiffness was also related to atherosclerotic manifestation in a study of 119 subjects with moderate to severe COPD (27) . Even though these studies used the 'gold standard', PWV, to assess arterial stiffness, direct comparison with our study is difficult as the studies used a different method and device, the SphygmoCor † (AtCor Medical, Australia), to measure arterial stiffness. Further, no control groups without COPD were included in the last two studies.
To the best of our knowledge, only one large populationbased study evaluating the relationship between arterial stiffness and COPD has so far been published (19) . In this Danish study, a weak association between arterial stiffness and COPD was found, though only in men below the age of 60 and when mild COPD (GOLD 1) was excluded. In contrast to the Danish study (19) , we found that arterial stiffness was significantly increased among subjects with GOLD 3Á4 compared to non-COPD subjects, also when adjusted for confounders. However, in the Danish study arterial stiffness was assessed by the aortic augmentation index (AIx), a more indirect global measure of arterial stiffness than PWV. Although AIx is dependent upon PWV, it is not possible to make a direct comparison between the two different methods of assessing arterial stiffness.
A consistent finding in our study was a lower arterial stiffness in smokers compared to in non-smokers and exsmokers. In addition, the multivariate model showed a stable association between current smoking and decreased arterial stiffness, and there was no interaction between smoking status and age. Previous reports are contradictory: two studies have reported no association between smoking habits and arterial stiffness (15, 16) , whereas current smoking was associated with an increase in arterial stiffness in the previously mentioned Danish populationbased study (19) . Our finding was unexpected, but could be related to a 'healthy smoker effect'; i.e. smokers with a disease burden such as CVD may have been more prone to stop smoking, whereas those without these conditions continued smoking.
Productive cough in COPD is associated not only with exacerbations (28) , but also with CVD and increased mortality (7, 11, 12) . It has also been suggested that exacerbations help to identify and diagnose previously unknown COPD, contributing to initiation of proper medication (29) . Overspill of airway inflammation to systemic inflammation is suggested as a possible link to co-morbidities in COPD (30) , and increased central arterial stiffness seems to be related to inflammation in COPD exacerbations (17) . Until now, arterial stiffness has not been evaluated in relation to clinical signs of airway inflammation such as productive cough. We found increased central arterial stiffness among subjects with COPD and productive cough, significantly so in GOLD 1, when compared to those COPD subjects without productive cough, even though the prevalence of CVD was similar in both groups. Consequently, increased central arterial stiffness in COPD subjects with productive cough cannot be explained by the presence of known CVD, but may reflect early signs of asyet undiagnosed disease. However, when included in the multivariate models, productive cough was no longer a significant risk factor for increased PWV. In a recently published review it was suggested that arterial stiffness should be measured during routine care of COPD patients, as an indicator of early CVD (18) . With further populationbased studies including a large number of GOLD 1 and continuous variable, **pB0.010, ***pB0.001. To Models AÁC, blood pressure (BP), systolic, diastolic, and both, respectively, were added, and to Model D systolic blood pressure and reported CVD were added.
GOLD 2 subjects, we may find subgroups with higher risk of CVD. Subjects with increased inflammatory burden such as bronchitis or exacerbations may be of special interest.
The strength of this population-based study is the large number of subjects with COPD identified by spirometry. The high participation rate, the standardized methods, and the distribution of COPD disease severity, corresponding well to what is known from population-based studies (3), contribute to an assumption of high internal as well as external validity. Although a population-based sample will include only a small proportion of GOLD 3Á4, the differences in PWV were large enough to demonstrate that severe and very severe COPD remained a significant risk factor for increased PWV also in the multivariate models.
PWV is considered the 'gold standard' of measuring arterial stiffness (18) , but there are different devices to measure PWV. In this study we used the Vicorder † device, but another commonly used device is the SphygmoCor † (16, 26, 27) . The two devices have been evaluated in comparative studies. The reproducibility of the Vicorder † was reported inferior to the SphygmoCor † in a small study including 38 subjects (31) , but in a larger study with three times as many subjects the measurements were considered highly repeatable and correlated well between the Vicorder † and the SphygmoCor † (32). An advantage of the Vicorder † is that it is less operator-dependent than the SphygmoCor † and may thus be more suitable for use in epidemiological fieldwork (31, 32) .
CVD is related to atherosclerosis, therefore we did not separate out heart disease, stroke, claudication, and hypertension when evaluating central arterial stiffness. However, one limitation is that data on CVD was selfreported and not verified by medical records. Analysis of mortality data, from the initial recruitment of the study population through December 2009, strengthens the assumption of a healthy survival effect: the deceased subjects, besides being older as expected, also had a higher frequency of COPD, productive cough, and heart disease. The results may, taking the strengths and weaknesses into account, be considered generalizable to subjects with COPD in the general population and, because of the healthy survivor effect, the observed relationships with central arterial stiffness may actually be underestimated.
In conclusion, in this large population-based cohort, central arterial stiffness was increased among subjects with severe and very severe COPD when compared to non-COPD subjects. Further, central arterial stiffness was increased among COPD subjects with productive cough compared to those without, which may indicate that early atherosclerosis is more common in the bronchitis phenotype of COPD. However, severe and very severe COPD, but not productive cough, remained a risk factor for increased central arterial stiffness when adjusted for possible confounders. Further studies are needed to evaluate central arterial stiffness as a possible marker of early and undiagnosed CVD in COPD, and a longitudinal follow-up is important for the understanding of central arterial stiffness as prognostic marker for early CVD in COPD.
